Summary: Intracarotid artery infusions in animals are commonly performed in studies of the blood-brain bar rier and in chemotherapy trials. Implicit in the analysis of these experiments is that the infusate will be distributed to the territory of the internal carotid artery in a manner that is proportional to blood flow. Fifteen Sprague Dawley rats were studied to determine if poor infusate mixing with blood due to intravascular streaming oc curred during intracarotid artery drug infusions and if it could be eliminated with fast retrograde infusion. In three experimental groups, a radiolabeled flow tracer-14C-io doantipyrine (IAP)-was infused retrograde through the external carotid artery into the common carotid artery at Arterial infusions of diagnostic and therapeutic agents are commonly performed in laboratory and clinical investigations. In large animals, this method of administration produces poor mixing of the injectate with blood and intraarterial streaming of the infusate, which leads to drug delivery to the tissue that is not proportional to blood flow (Black lock et aI., 1986) . As a consequence of drug streaming, intraarterial infusion of chemotherapy may deliver toxic concentrations of drug to some tissue regions and suboptimal amounts to others. Furthermore, heterogeneous drug delivery within tumor tissue could also limit the treatment response slow, medium, and fast rates (0.45, \.5, and 5.0 mllmin). In a control group, lAP was injected intravenously (i.v.) . Local isotope concentrations in the brain were deter mined by quantitative autoradiography, and the vari ability of isotope delivery was assessed in the frontopa rietal cortex, temporal cortex, and caudate putamen of all animals. Streaming phenomena were manifest in all se lected anatomic areas after the slow and medium rates of intraarterial infusion. After fast intracarotid infusion or i. v. injection, there was uniform distribution of isotope in the same brain regions. Key Words: Brain tumor-Che motherapy-Drug streaming-IntraarteriaI14C-iodoanti pyrine.
in those areas of tumor that receive low drug expo sure.
Investigations of drug streaming in a polystyrene model of the human internal carotid artery (ICA) system (Lutz et aI., 1986) and in rhesus monkeys (Blacklock et aI., 1986) indicate that fast, retro grade infusions provide excellent mixing of injec tate with blood. As small laboratory animals, in cluding rats, are often used in experimental models of human disease and to study human physiology and pharmacology, we sought to determine whether or not intravascular streaming also occurs during infusion into the smaller carotid artery system of this animal. Intravascular streaming was evaluated for different rates of ICA infusion by determining the local distribution of a blood flow reference tracer, 14C-iodoantipyrine (Sakurada et aI., 1978; Blasberg et aI., 1981) , in the brains of normal Sprague-Dawley rats by quantitative autoradiog raphy.
VASCULAR STREAMING IN THE RAT
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MATERIALS AND METHODS
Animal preparation
Adult male Sprague-Dawley rats (150-300 g) were anesthetized by inhalation of halothane, nitrous oxide, and oxygen. The right carotid bifurcation was exposed as previously described (Bullard et aI., 1984) . After ligation of .
the occipital, pterygopalatine, superior thyroid, and (distal) external carotid arteries, a polyethylene catheter (PE-50) filled with heparinized saline was passed retro ? rade �own th . e external carotid artery until the tip was Immediately distal to the carotid bifurcation. The cath eter was connected to a syringe inserted into an infusion pump (Harvard Apparatus Co., Inc., Millis, MA, U.S.A.). All animals had femoral artery catheters and rect � l p � obes for blood pressure, pulse, and temperature momtorIng.
Isotope preparation
14C-IAP [ 14C-iodoantipyrine in ethanol; 4-(N methyl = 14C), 40-60 mCi/mmol; New England Nuclear Corporation, Boston, MA, U.S.A.] was evaporated to dryness and dissolved in normal saline after ethanol evaporation. Radiopurity was greater than 97% in two solvent systems.
Experimental groups
Four groups of animals were studied. We chose a short period for isotope infusion (20 s) to avoid the effects of recirculation and metabolism of 14C_IAP and the ditlusion of 14C_IAP in brain. Five rats in the slow iI�fusion group
ved intracarotid infusions of 15 fLCi of lAP with a syrInge mfuslon pump at 0.45 mllmin for 20 s. This is the standard intracarotid infusion rate at which experi ments are done in our laboratory. Three rats in the me dium infusion group (Group 2) received intracarotid infu sions of 5 fLCi of lAP at a rate of 1.5 mllmin for 20 s. Three rats in the fa st infusion group (Group 3) received intracarotid infusions of 2.5 fLCi of lAP at 5.0 mllmin for 20 s (at this rate, there was no retrograde flow into the c � mmon carotid artery when viewed under the operating microscope). Four rats in the control group (Group 4) re ceived intracarotid infusions of 0.9% saline at 0.45 mllmin for 3 min, followed by an intravenous ramp infusion of 50 fLCi of 14S:-IAP with a variable speed infusion pump over 65 s. This control group provided a comparison of the region infused by the right internal carotid artery with the re ? ion infused by the left internal carotid artery to deter mme whether or not saline infusion at 0.45 mllmin could alter blood flow. In addition, the normal variability of blood flow within given brain regions in the infused hemi sphere could be determined and compared to the same regions for the slow, medium, and fast infusion groups. A prolonged (3-min) intracarotid infusion was chosen to de termine whether or not heterogeneity observed in the slow and medium infusion groups could be due to arti facts such as emboli (air or clot) or vessel spasm caused by retrograde external carotid artery cannulation and in fusion. Three minutes is also the time of infusion that we commonly use in our laboratory.
The animals were decapitated at the end of the infusion period. The brains were quickly extracted, frozen (in less than I min) in liquid Freon II ( -40°C), and processed for quantitative autoradiography. The brain was cut axially in 20-fL sections at 520-fL intervals using a cryomicrotome (International Cryostat, Model CT!, Needham, MA, l!.S.A.). After rapid drying, the sections were exposed to smgle-coated SB-5 x-ray film (Kodak, Rochester, NY, U.S.A.), along with previously calibrated 14C-methyl methacrylate standards.
Measurements and data analysis
The autoradiograms were analyzed by computerized scanning microdensitometry (Gooche et aI., 1980 ) (Mi crodensitometer, PI 000 HS, Optronics International, Inc., Chelmsford, MA, U.S.A.). The 14C-methylmetha cry late standards were used to generate a curve of radio activity (nCi/g) versus optical density; optical density measurements of the tissue section images were then converted by the computer to nanocuries per gram.
Three regions of brain perfused by the middle cerebral artery were analyzed in each rat: frontoparietal cortex, temp ? ral cortex, and caudate putamen. Starting in the � ntenor frontal cortex of each animal, II sequential sec tlO � S were cut at 0.5-mm intervals, extending to the pos tenor aspect of the temporal cortex. Eight sections con taining frontoparietal cortex, five sections containing caudate putamen, and four sections containing temporal cortex were analyzed in each animal.
Ea � h digitized brain image was assessed visually, and
th . e �Ighest and lowest measurements of radioactivity wlthm a I mm x I mm element were determined for each anatomical region. The ratio of these measurements (hi � h/low) was calculated and was defined as the delivery ratio for the anatomical region in that section. In addi tion, the area of greatest radioactivity in each brain slice was recorded, even if it was outside the three anatomic regions studied. The mean delivery ratio for a particular structure in a given rat was calculated from the values determined for each plane that the anatomical structure appeared in in the serial sections. The overall mean delivery ratio (and its standard deviation) for each anatomic area was then calculated for all rats in each infusion group. The Kruskal-Wallis test of independent samples (animals) was used to determine if there were differences among the �our groups, and was followed by the multiple compar Isons procedure recommended by Conover for pairwise group comparisons (Conover, 1980) . Comparisons were performed between the slow infusion group (Group 1) and the control group (Group 4), the medium infusion group (Group 2) and the control group (Group 4), and the fast infusion group (Group 3) and the control group (Group 4).
RESULTS
Delivery ratios
The mean delivery ratios (and their standard de viations) of 14C-IAP after intracarotid artery infu sion in the four groups of animals are presented in Table 1 . In the control group (Group 4) and the fast infusion group (Group 3), there was minimal vari ability in the distribution of radioactivity in the se lected brain regions. In contrast, in the groups in fused at slow and medium infusion rates (Groups 1 and 2), there was marked variability of radioac tivity distribution in the same brain regions. Within the slow and medium infusion groups, there were some animals that exhibited a wide range of de- 
a All values represent the mean (and standard deviation) of the average delivery ratio in each anatomic area in each infusion group. The range of delivery ratios (in parentheses) is also in cluded.
b Significant differences with respect to the control.
C Delivery ratios to the hemisphere comralateral to the saline infusion in control animals were 1.20 ± 0.05 (1.06-1.44). 1.24 ± 0.09 (1.08-1.62), and 1.19 ± 0.04 (1.05-1.32) for frontoparietal cortex, temporal cortex, and caudate putamen, respectively. livery ratios and some animals in which this range was comparatively narrow.
In the frontoparietal cortex, temporal cortex, and caudate putamen, by the multiple comparisons pro cedure, there was a significant difference of the mean delivery ratios (p < 0.05) between Group 4 (control) and Group 1 (slow) and between Group 4 (control) and Group 2 (medium) ( Table I) . There was no difference between Group 4 (control) and Group 3 (fast) in the frontoparietal and temporal cortex; in the caudate putamen, although the differ ence was small, it was significant (p < 0.05).
Streaming patterns
We have previously defined intravascular streaming of an intraarterial infusate in terms of a heterogeneous pattern of 14C-IAP distribution within a selected anatomic region that results in de livery rates greater than 2 (Blacklock et aI., 1986) . In the experiments reported here, intravascular streaming occurred only in the animals that re ceived slow and medium rates of infusion; delivery ratios as high as 29/1 in the frontoparietal cortex, 12/1 in the caudate putamen, and 13/ 1 in the tem poral cortex were observed. In contrast, there was no evidence for comparable streaming in the con trol or fast infusion animals. Representative autora diographic images are shown in Fig. 1 .
In the slow and medium infusion groups, 76 brain sections were studied to identify areas of high iso tope concentration due to streaming. Areas most commonly involved were the lateral frontal cortex (23/76) and inferior frontal cortex (19/76). Less
commonly affected areas were the lateral temporal cortex (6/76), caudate putamen (5/76), olfactory bulb (3/76), and choroid plexus (2/76).
DISCUSSION
Recent reports describe intravascular streaming during slow intraarterial infusions in large animals and its possible relationship to ophthalmic and cen tral nervous system (CNS) toxicity in patients who receive intracarotid artery chemotherapy (Black lock et aI., 1986; Saris et aI., 1987) . As we and others commonly use small laboratory animals for pilot experiments prior to investigation in primates, it was important to determine whether or not intra vascular streaming occurred during intraarterial in fusions into the smaller vessels of these animals. Our results confirm that marked variability of drug delivery to the rodent brain can occur following slow intracarotid artery infusions. We also demon strate that fast, retrograde intracarotid artery infu sion eliminates the intravascular streaming effect.
Intravascular streaming in this and our previous studies was determined by comparing the range of radioactivity concentration within relatively homo geneous structures of the brain following a short in tracarotid artery infusion (20 s) and expressing that range in terms of a high/low ratio, namely, the de livery ratio for that structure. A short experimental period was chosen to avoid the effects of brain washout, intraparenchymal diffusion, recirculation, and metabolism of the tracer molecule on the mea sured delivery ratios.l The control animals were in fused with saline through the right carotid artery at a slow rate (0.45 mllmin) for a period of 3 min to determine whether or not an extended infusion condition would alter the normal hemodynamics of the ipsilateral hemisphere. As seen in Ta ble I (Group 4) and Fig. I (C and F) , intracarotid artery infusion alone does not alter the normal pattern of blood flow in the ipsilateral hemisphere. Thus, these studies indicate that cannulation and infusion into the ICA can be performed without the creation of flow artifacts due to vessel spasm or emboli. It is unclear how long one can perform an infusion into the ICA of a rat at 5 mllmin, as during that time interval, there is little or no blood flow in that vessel. We have done these infusions in rats for longer periods of time with no apparent adverse ef fects; however, it is possible that ischemic damage could occur during very long infusions. cortex, hippocampus, and thalamus. One animal (autoradiograms A and 0) received a slow intracarotid artery infusion of 14C-IAP (0.45 ml/min); one animal (autoradiograms B and E) received a fast intracarotid artery infusion of 14C-IAP (5.0 ml/min); one animal (autoradiograms C and F) received a slow intracarotid infusion of saline for 3 min followed by a 65-s intravenous ramp infusion of 14C-IAP.
Implications of findings
Numerous investigators use intraarterial infu sions to deliver various agents to the brain and other organs in studies of pharmacology, physi ology, and in vivo biochemistry. Intracarotid artery infusions are often used to compare the efficacy of different techniques of drug delivery to treat tumor bearing and bacterially infected rats (Ohno et aI., 1979; Neuwelt et aI., 1984; Bullard et aI., 1985) . The results of experiments using intraarterial infu-
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sions, such as those noted above, could be affected by a variable delivery of drugs or test compounds to the perfused tissue. For example, delivery of a therapeutic agent that is not proportional to blood flow could alter the results of pharmacological ex periments, as well as the treatment responses in chemotherapeutic trials. Furthermore, the range of delivery ratios observed here (up to 29/1 in the frontoparietal cortex, 12/1 in the caudate putamen, and \31 1 in the temporal cortex) indicate that retinal and brain toxicity produced by intracarotid chemo therapy may be related to intravascular streaming of the infusate. Although it is unknown if increasing the delivery and local concentration of drugs such as I ,3-bis(2-chloroethyl)-I -nitrosourea (BCNU) or cis-platinum in brain or retina by 10-30-fold will cause local injury to the brain or retina, it is a rea sonable hypothesis, as similar increases in total dose of BCNU will convert a 10% lethality in rats to 100% (Larson and Rail, 1965) .
The variability of the delivery ratios in different brain regions and between animals within the slow and medium infusion groups suggests that intravas cular streaming is not a highly reproducible phe nomenon. Although intracarotid artery infusions in some animals resulted in severe streaming, other animals within the same group demonstrated com paratively little intravascular streaming. This may correlate with the clinical observation (Kapp et aI., 1982; Greenberg et aI., 1984) that some patients have uncomplicated intracarotid artery drug infu sions, whereas others develop focal CNS toxicity, including retinal and cerebral necrosis.
These data provide insight into the flow patterns of agents infused into the arteries of laboratory an imals. Experiments designed without consideration of intravascular streaming could produce mis leading results. Investigators who use intraarterial infusions in the study of small laboratory animals should consider the potential for heterogeneous in fusate delivery to the tissue in the planning or anal ysis of experiments.
J Cereb Blood Flow Metab, Vol. 8, No.1, 1988
